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We investigated the electronic states of the quasi-one-dimensional organic salts δ′P -(BPDT-
TTF)2ICl2 and δ
′
C-(BPDT-TTF)2ICl2, both of which are insulating at room temperature owing
to strong electron correlations. Through measurements of electrical resistivity, optical conductivity,
and magnetic susceptibility, as well as band-structure calculations, we have revealed that the two
materials possess completely different ground states, even though they have the same chemical com-
position and stacking configuration of the donor molecules. We have found that the δ′P -type salt with
an effective half-filled band behaves as a dimer-Mott insulator and exhibits a phase transition to a
nonmagnetic state at 25 K, whereas the δ′C -type salt with a 3/4-filled band shows a charge ordering
transition just above room temperature and becomes nonmagnetic below 20 K. The optical spectra
of the δ′P -type salt are composed of two characteristic bands due to intra- and interdimer charge
transfers, supporting the dimer-Mott insulating behavior arising from the strong on-site Coulomb
interaction. By contrast, in the δ′C -type salt, a single band characterizing the formation of charge
ordering arising from the off-site Coulomb interactions is observed. Upon lowering the temperature,
the shape of the optical spectra in the δ′C -type salt becomes asymmetric and shifts to much lower
frequencies, suggesting the emergence of domain-wall excitations with fractional charges expected in
a one-dimensional charge-ordered chain. The temperature dependence of the magnetic susceptibility
of the δ′P -type salt is well described by a two-dimensional (2D) spin-1/2 Heisenberg antiferromag-
netic model on an anisotropic square lattice in the dimerized picture, while in the δ′C -type salt, it can
be explained by a 2D spin-1/2 Heisenberg antiferromagnetic model on an anisotropic honeycomb
lattice formed in the charge-ordered state. These completely different ground states between the δ′P -
and δ′C-type salts come from the difference of degree of dimerization of two face-to-face BPDT-TTF
molecules.
I. INTRODUCTION
Low-dimensional organic compounds exhibit a rich va-
riety of intriguing physical phenomena, such as super-
conductivity, magnetism, metal–insulator transition, and
Dirac fermion behavior, depending on the dimensional-
ity, detailed electronic structure, and electron-correlation
strength of the system [1–3]. Many organic compounds
have low-dimensional electronic structures owing to the
anisotropic molecular orbitals, which can be widely
tuned by the stacking configurations of the constituent
molecules. In addition, the characteristic narrow band
relative to the Coulomb repulsion, which is formed by
overlapping pi orbitals of the constituent molecules, gives
rise to strong electron-correlation effects. Organic com-
pounds therefore have provided an ideal platform for
studying strongly correlated low-dimensional systems.
The history of organic conductors started with the
synthesis of TTF- and TCNQ-based salts with metal-
lic conductivity [4], where TTF (tetrathiafulvalene)
serves as a donor molecule and TCNQ (tetracyanoquin-
odimethane) acts as an accepter molecule. Since then, a
∗ Corresponding author: hashimoto@imr.tohoku.ac.jp
number of TTF and TCNQ derivatives were designed
as donor and acceptor molecules [5]. Among them,
TMTTF (tetramethyltetrathiafulvalene) is a representa-
tive donor molecule, which forms quasi-one-dimensional
(quasi-1D) charge-transfer salts (TMTTF)2X , where X
is a monovalent anion [4]. In this system, face-to-
face stacked 1D columnar structures are favored because
the highest occupied molecular orbital (HOMO) spreads
out mainly perpendicularly to the molecular plane [see
Fig. 1(a)]. In contrast, BEDT-TTF-based charge trans-
fer salts, (BEDT-TTF)2X , have quasi-two-dimensional
(quasi-2D) electronic structures [7, 8], where BEDT-TTF
is bis(ethylenedithio)tetrathiafulvalene. In this system,
columnar structures are usually not preferred because
the introduction of the outer six-membered rings includ-
ing sulfur atoms extends the HOMO distribution parallel
to the molecular plane, which leads to a rich variety of
2D staking patterns classified by Greek letters, such as
α, β, δ, κ, θ, etc. [7–11]. Thus, the wide variety of
donor molecules in organic systems has advanced our ex-
plorations of novel physical phenomena in strongly cor-
related low-dimensional systems.
BPDT-TTF [bis(propylenedithio)tetrathiafulvalene] is
an analog of BEDT-TTF, in which the terminal ethy-
lene groups of BEDT-TTF are replaced by propylene
groups [see Fig. 1(a)] [5, 12]. Although the HOMO dis-
2FIG. 1. (Color online). (a) Representative donor molecules, TTF, and its derivatives. The HOMOs calculated for each
molecular unit at the B3LYP/6-31G(d) level [6] are also shown. (b) and (c) Crystal structures of (b) δ
′
P -ICl2 and (c) δ
′
C -ICl2.
The quadrangles in (b) and (c) represent the unit cell. (d) and (e) Two-dimensional (2D) planes of the BPDT-TTF molecules
for (d) δ
′
P -ICl2 and (e) δ
′
C -ICl2 viewed along the molecular long axis of BPDT-TTF. (f) and (g) Anion configurations of (f)
δ
′
P -ICl2 and (g) δ
′
C -ICl2 viewed along the a direction. The rectangles in (d)–(g) are the projection of the unit cell on the plane
perpendicular to the viewing angle.
tribution of the BPDT-TTF molecule is similar to that
of the BEDT-TTF molecule [see Fig. 1(a)], 1D columnar
structures are formed in the BPDT-TTF-based charge
transfer salts because the steric effects due to the propy-
lene groups prevent 2D molecular arrangements as in the
case of the BEDT-TTF-based salts. Syntheses of sev-
eral BPDT-TTF-based charge-transfer salts have been
reported so far [13–22], but the electronic properties have
not yet been investigated in detail.
In this study, we focus on two kinds of BPDT-TTF-
based salts with a monovalent ICl2 anion [17, 18]. As
shown in Figs. 1(b) and 1(c), the crystal structures of the
two salts consist of alternating stacks of BPDT-TTF and
ICl2 layers. The space groups are P2/c [Figs. 1(b), 1(d),
and 1(f)] and C2/c [Figs. 1(c), 1(e), and 1(g)], respec-
tively [17, 18]. Based on the systematic classification of
molecular arrangement in the (BEDT-TTF)2X system,
the stacking configurations of the donor molecules for
both salts are assigned to the δ
′
type [9–11]. We there-
fore call the former δ
′
P -(BPDT-TTF)2ICl2 (denoted as
δ
′
P -ICl2) and the latter δ
′
C -(BPDT-TTF)2ICl2 (denoted
as δ
′
C-ICl2) [23]. As shown in Figs. 1(d) and 1(e), the
donor planes of both salts consist of 1D columnar stack-
ings of the BPDT-TTF molecules along the c axis. In
contrast, the anion configurations are different from each
other; in δ
′
P -ICl2 the anion layer consists of the ICl2
molecules parallel to each other [Fig. 1(f)], while in δ
′
C-
ICl2, ICl2 molecules A and B are related by the 21 screw
axis along the b direction [Fig. 1(g)]. The charge trans-
fer between the BPDT-TTF layers and the insulating
ICl2 layers gives rise to +0.5 hole per one BPDT-TTF
molecule, leading to a 3/4-filled band system. According
to the band theory, both salts should be metallic; how-
ever, the electrical resistivity shows insulating behaviors
[17]. Up to now, the origin of the insulating states has
not been investigated. In this study, in order to clar-
ify the detailed nature of the insulating states in δ
′
P -ICl2
and δ
′
C -ICl2, we investigated the electronic states of the
two salts by measuring electrical resistivity, optical con-
ductivity, and magnetic susceptibility, as well as by per-
forming band-structure calculations. We have found that
δ
′
P -ICl2 with an effective 1/2-filled band behaves as a
dimer-Mott insulator and exhibits a transition to a non-
magnetic state at 25 K, whereas δ
′
C -ICl2 with a 3/4-filled
band shows a charge-ordering (CO) transition at around
room temperature and becomes nonmagnetic below 20
3K.
The rest of the paper is as follows. We briefly present
the experimental details in Sec. II. The electronic struc-
tures of δ
′
P -ICl2 and δ
′
C -ICl2 are discussed based on the
band-structure calculations and the electrical resistivity
measurements in Sec. III A. The results of the optical
conductivity for δ
′
P -ICl2 and δ
′
C -ICl2 are presented in
Secs. III B and III C, respectively, and the magnetic prop-
erties are presented in Sec. III D. Finally, our main results
are summarized in Sec. IV.
II. EXPERIMENT
Single crystals of δ
′
P -ICl2 and δ
′
C-ICl2 were grown
through an electrochemical oxidation method [17, 18].
The crystal shapes of both salts were rectangular. The
crystal longitudinal axis of δ
′
P -ICl2 corresponds to the
stacking direction of the BPDT-TTF molecules, that is,
the c axis, while in δ
′
C -ICl2, the direction of the minor
axis corresponds to the c axis. Although these crys-
tals were mixed in the same batch, we distinguished the
two by measuring polarized optical reflectivity for each
crystal. The density functional theory (DFT) calcula-
tions of the HOMO orbital for each donor molecule at
the B3LYP/6-31G(d) level were performed with GAUS-
SIAN 16 [6]. Based on the crystal data determined by
single-crystal x-ray diffraction at 298 K, we performed
band-structure calculations for both salts with the ex-
tended Hu¨ckel method by using the tight-binding ap-
proximation [24]. The temperature-dependent resistivity
measurements were carried out with the standard four-
probe method with a current flow along the c axis for
both salts, which is the stacking direction of BPDT-TTF
molecules [see Figs. 1(d) and 1(e); we cut the crystals of
δ
′
C -ICl2 perpendicularly to the b axis and made electrical
contacts along the c axis]. The electrical contacts were
made using carbon paste. Polarized reflectivity measure-
ments were performed with a Fourier transform micro-
scope spectrometer in the midinfrared region (600–8000
cm−1). In the far-infrared region (150–700 cm−1), syn-
chrotron radiation light at BL43IR in SPring-8 was used.
The reflectivity in the range 8000–45000 cm−1 was mea-
sured at room temperature. The optical conductivity
spectra were calculated through a Kramers–Kronig (KK)
transformation by assuming the standard high-frequency
extrapolation ω−4. The magnetic susceptibility was mea-
sured on a superconducting quantum interference device
magnetometer (Quantum Design MPMS-XL) using sev-
eral pieces of single crystals. The mass of the crystals
used for the magnetic susceptibility measurements of δ
′
P -
ICl2 and δ
′
C -ICl2 was 2.5 and 0.40 mg, respectively. The
magnetic fields were applied along the b axis for both
salts. The Curie-tail contribution at low temperatures
and the core diamagnetism were subtracted.
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FIG. 2. (Color online). (a) Dominant transfer integrals t1–
t5 in δ
′
P -ICl2 and δ
′
C -ICl2. The solid rectangles indicate the
BPDT-TTF molecules. The black square frame represents
the unit cell. (b) Effective transfer integrals ta–tc in a dimer
model for δ
′
P -ICl2. The ovals represent dimer units. (c) and
(d) Electronic band structures of (c) δ
′
P -ICl2 and (d) δ
′
C-ICl2
evaluated by tight-binding calculations based on the extended
Hu¨ckel method. (e) and (f) Fermi surfaces of (e) δ
′
P -ICl2 and
(f) δ
′
C -ICl2.
III. RESULTS AND DISCUSSION
A. Electronic band structures and insulating states
of δ
′
P -ICl2 and δ
′
C-ICl2
To investigate the electronic structures of δ
′
P -ICl2 and
δ
′
C -ICl2, we performed band-structure calculations with
the extended Hu¨ckel method by using the tight-binding
approximation [24]. In Fig. 2(a), the obtained dominant
transfer integrals for δ
′
P -ICl2 and δ
′
C -ICl2 are summa-
rized. Figures 2(c) and 2(d) show the electronic band
structure of δ
′
P -ICl2 and δ
′
C-ICl2, respectively. As shown
in Fig. 2(d), in δ
′
C -ICl2, a 3/4-filled band is formed.
By contrast, in δ
′
P -ICl2, a clear dimerization gap due
to strong dimerization of two face-to-face BPDT-TTF
molecules emerges between the antibonding and bond-
ing bands, leading to an effective 1/2-filled band sys-
tem [see Fig. 2(c) and also the inset of Fig. 4(b) below].
The effective model to describe the electronic state at
half filling is therefore a so-called dimer model [25], in
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FIG. 3. (Color online). (a) Temperature dependence of the
resistivity of δ
′
P -ICl2 and δ
′
C -ICl2 along the c axis (J ‖ c).
(b) Arrhenius plot of the resistivity of δ
′
P -ICl2 and δ
′
C-ICl2.
The solid lines are fits to the Arrhenius law ∝ exp( ∆
kBT
) with
∆/kB = 1180 and 1620 K for δ
′
P -ICl2 and δ
′
C -ICl2, respec-
tively.
which each dimer is regarded as a unit with one hole
[Fig. 2(b)]. Figures 2(e) and 2(f) display the Fermi sur-
faces of δ
′
P -ICl2 and δ
′
C -ICl2, respectively. Both salts
have a pair of quasi-1D Fermi surfaces perpendicular to
the c axis corresponding to the stacking direction of the
BPDT-TTF molecules. The band-structure calculations
suggest that both compounds have a quasi-1D electronic
structure conductive along the stacking direction of the
BPDT-TTF molecules [26].
Figure 3(a) shows the temperature dependence of the
electrical resistivity of δ
′
P -ICl2 and δ
′
C -ICl2 along the c
axis. Although the band-structure calculations suggest
that both compounds become metallic, the resistivity
shows insulating behaviors. The resistivity of δ
′
C-ICl2
exhibits a clear transition at about 300 K. Figure 3(b)
demonstrates the Arrhenius plot of the resistivity of δ
′
P -
ICl2 and δ
′
C -ICl2, showing clear activation behaviors with
FIG. 4. (Color online). (a) Optical reflectivity and (b) con-
ductivity spectra of δ
′
P -ICl2 for E ‖ b and E ‖ c at various
temperatures. The black solid lines in (b) represent the Hub-
bard and dimer bands. The black dashed lines show the sum
of the Hubbard and dimer bands. The spectra in (b) are offset
for clarity. Inset: schematics of intra- and interdimer charge
transfer excitations in a dimer-Mott insulator.
gaps of 1180 and 1620 K for δ
′
P -ICl2 and δ
′
C -ICl2, respec-
tively. These results indicate that both compounds are
insulating below room temperature.
B. Quasi-1D dimer-Mott insulating state of δ
′
P -ICl2
In order to elucidate the nature of the insulating states
of δ
′
P -ICl2 and δ
′
C -ICl2, we performed polarized reflectiv-
ity measurements. Figure 4(a) shows the optical reflectiv-
ity spectra R(ω) of δ
′
P -ICl2 for the polarizations of E ‖ b
and E ‖ c at various temperatures. A large anisotropy of
the reflectivity is clearly observed, reflecting the strong
51D nature of the electronic structure of δ
′
P -ICl2. Sev-
eral vibrational features can be seen below 1500 cm−1
for E ‖ c, which are attributed to the totally symmet-
ric ag vibrational modes of the BPDT-TTF molecule.
In the midinfrared region (1500–5000 cm−1), the reflec-
tivity spectra show broad features in the polarization of
E ‖ c. The corresponding optical conductivity spectra
σ1(ω) obtained from the KK transformation are plotted
in Fig. 4(b). At high temperatures, σ1(ω) for E ‖ c has a
broad and asymmetric shape in the range of 1500–5000
cm−1. However, upon lowering the temperature, a clear
peak structure centered at 2000 cm−1 emerges, which
makes it clearer that the spectra at 4 K for E ‖ c consist
of two bands located at 2000 and 2500 cm−1. In addi-
tion, a clear optical gap of about 1500 cm−1 is observed
in the polarizations of E ‖ c, which is in good agreement
with 2∆/kB observed in the dc resistivity [see Fig. 3(b)].
A so-called dimer-Mott insulator, a particular class of
Mott insulator with one hole localized per each pair of
dimerized molecules, emerges in an effective half-filled
band system owing to the strong on-site Coulomb in-
teraction. In a dimer-Mott insulator, there are two ab-
sorption bands in the midinfrared region [27–30]: the
so-called Hubbard and dimer bands corresponding to
the inter- and intradimer charge transfers, respectively
[see the inset of Fig. 4(b)]. The excitation energy of the
interdimer charge transfer EHub is given by the effec-
tive on-dimer Coulomb interaction Udimer, which causes
splitting of the antibonding band. The excitation en-
ergy of the intradimer charge transfer Edimer is given by
2td, where td is the intradimer transfer integral. Our
band-structure calculations based on the lattice parame-
ters and internal coordinates of δ
′
P -ICl2 obtained at room
temperature have estimated the intradimer charge trans-
fer 2td = 2t1 to be 360 meV (which corresponds to
approximately 2900 cm−1), indicating that the broader
band located at ∼2800 cm−1 at room temperature comes
from the intradimer charge transfer. The band at 2000–
2200 cm−1 is therefore attributed to the Hubbard band.
It should be noted that the Hubbard band in δ
′
P -ICl2 is
much sharper than that of other 2D dimer-Mott insula-
tors such as the κ-type BEDT-TTF salts [27, 28] because
of the narrow density of states in the 1D Mott insulating
state of δ
′
P -ICl2. Very similar optical conductivity spec-
tra have been observed in the 1D dimer-Mott organic
insulator β
′
-(BEDT-TTF)2ICl2 [29].
Here we note that although δ
′
P -ICl2 behaves as a
dimer-Mott insulator at low temperatures, the resistivity
does not follow the Arrhenius law at high temperatures
above 200 K [see Fig. 3(b)]. This result may suggest the
existence of CO fluctuations arising from a possible 3/4
filling nature in δ
′
P -ICl2 at high temperatures, as dis-
cussed in the next section for δ
′
C -ICl2. In order to inves-
tigate the presence or absence of CO fluctuations in δ
′
P -
ICl2, we need further investigation such as synchrotron
radiation x-ray diffraction measurements.
FIG. 5. (Color online). (a) Optical reflectivity and (b) con-
ductivity spectra of δ
′
C-ICl2 for E ‖ b and E ‖ c at various
temperatures. The light blue solid curve in (b) represents an
asymmetric shape expected for domain-wall excitations. The
inset shows a domain-wall excitation with fractional charge
+0.5e in a 1D CO chain. (c) Illustrations of the possible
CO patterns with a twofold periodicity along the b axis, in
which the inversion symmetry of the weakly dimerized unit is
broken. The ovals indicate the weakly dimerized units. The
small open circles represent the inversion center in the ab-
sence of CO. The yellow ovals represent the charge-rich sites.
(d) Temperature dependence of the center of gravity of σ1(ω).
C. Quasi-1D charge-ordered state of δ
′
C-ICl2
Figures 5(a) and 5(b) show the polarized optical reflec-
tivity and conductivity spectra of δ
′
C -ICl2, respectively.
The observed large anisotropy of the optical spectra re-
flects the strong 1D electronic structure of δ
′
C -ICl2. The
optical conductivity spectra σ1(ω) for E ‖ c show sev-
eral ag vibrational modes in the region 1200–1400 cm
−1,
which are much broader than those of δ
′
P -ICl2. This
6is due to weaker dimerization in δ
′
C -ICl2. In δ
′
C-ICl2,
in addition to these vibrational modes, several charac-
teristic dip structures are observed in the region 2400–
2800 cm−1, which can be attributed to the overtones of
the fundamental vibrations observed at 1200–1400 cm−1.
These dip structures are assigned to the C=C stretch-
ing ag modes of the BPDT-TTF molecule coupled with
electronic excitations through the electron-molecular vi-
bration interaction [31]. The presence of the overtones
indicates that the energy potential of the molecular vi-
brations is anharmonic, showing that charge dispropor-
tionation accompanied by CO exists between the two
weakly dimerized BPDT-TTF molecules [32]. Indeed,
recent synchrotron radiation x-ray diffraction measure-
ments have revealed the presence of superlattices corre-
sponding to a double-period lattice modulation along the
b axis [33]. The possible CO patterns with the twofold
periodicity perpendicular to the BPDT-TTF stacking di-
rection, which we call the “1010”- and “1100”-type pat-
terns, are shown in Fig. 5(c).
The 1100-type pattern has been discussed in terms
of CO accompanied by bond distortion such as bond-
charge-density waves [8, 34]. In this case, the spin-singlet
formation at the CO transition is expected, which is in-
consistent with the experimental result that the magnetic
susceptibility of δ
′
C -ICl2 does not show any signature of
a nonmagnetic ground state at TCO = 300 K, as dis-
cussed in the next section. Therefore, we can exclude
the possibility that the 1100-type CO has been realized
in δ
′
C -ICl2.
To investigate the possibility of realization of the 1010-
type CO in δ
′
C -ICl2, we examined a broad band observed
in the midinfrared region (1000–5000 cm−1) character-
izing the CO state. Figure 5(d) shows the temperature
dependence of the center of gravity of σ1(ω) defined by
〈ω〉 =
∫ 6000
1000
σ1(ω)ωdω/
∫ 6000
1000
σ1(ω)dω, which shifts to
lower frequencies with decreasing temperature. Gener-
ally, in a CO state, a transition between Hubbard-like
bands induced by the off-site Coulomb repulsion V , i.e.,
a site-to-site transition within the CO pattern, gives rise
to a broad band in the midinfrared region of the order of
V [35–38], which is almost temperature independent. In
the present system, however, the center of the spectral
weight shifts to much lower frequencies with decreasing
temperature [see Fig. 5(d)]. In addition, the shape of
the spectra becomes asymmetric with decreasing tem-
perature [see Fig. 5(b)]. In the 1010-type CO pattern,
domain-wall excitations with fractional charge +0.5e are
theoretically predicted as elementary excitations [see the
inset of Fig. 5(b)] [39, 40]. The energy of the fractional
charge excitations is characterized by not V but V/t,
where t is the transfer integral. In organic compounds,
t increases as the temperature decreases owing to the
thermal contraction of the lattice. This effect may cause
the large reduction in V/t in δ
′
C-ICl2. The large energy
shift of the optical spectra in δ
′
C-ICl2 therefore implies
the existence of domain-wall excitations with fractional
charges. It should be noted that very similar behavior has
FIG. 6. (Color online). (a) Temperature dependence of the
magnetic susceptibility of δ
′
P -ICl2 measured at magnetic fields
of 0.5 T (magenta circles) and 2 T (light blue circles) parallel
to the b axis. The open circles represent the experimental
data after subtracting the core diamagnetism. The dotted line
shows a Curie component due to a small amount of magnetic
impurities, ∼ 1.0 %. The solid circles are the data obtained
by subtracting the contribution of the magnetic impurities.
The solid curves show the results of the QMC calculations
based on a 2D spin-1/2 Heisenberg antiferromagnetic model
on an anisotropic square lattice with J1 = 190, 197, 210 K and
J2/J1 = 0.675. (b) Dominant antiferromagnetic interactions
J1 and J2 in the dimer model for δ
′
P -ICl2.
been observed in quasi-1D charge-ordered organic salts δ-
(EDT-TTF-CONMe2)2X [41].
Here we note that the fact that the overtones are ob-
served even at 350 K in δ
′
C -ICl2 [Figs. 5(a) and 5(b)] sug-
gests the presence of CO fluctuations above TCO as ob-
served in α
′
-(BEDT-TTF)2IBr2, where a possible short-
range CO has been discussed in terms of a charge-order-
disorder phase transition not accompanied by structural
changes [42].
D. Magnetic properties of δ
′
P -ICl2 and δ
′
C-ICl2
In order to investigate the magnetic properties of δ
′
P -
ICl2 and δ
′
C -ICl2, we performed magnetic susceptibility
measurements. We also calculated the magnetic suscep-
tibility by using the ALPS/LOOPER code [43–47]. By
performing quantum Monte Carlo (QMC) calculations
with several lattice sizes up to 1024 spins for δ
′
P -ICl2, we
7confirmed that the finite-size effect does not remain. Fig-
ure 6(a) shows the temperature dependence of the mag-
netic susceptibility χ(T ) of δ
′
P -ICl2 for H ‖ b, which
shows a broad hump structure at high temperatures, fol-
lowed by a sharp drop at around 25 K. We evaluated
χ(T ) of δ
′
P -ICl2 by considering the dimer approximation,
as shown in Fig. 6(b). Because the effective transfer in-
tegrals ta and tb are given by t2/2 and t3 − t4/2, respec-
tively, J1 = 4t
2
a/Udimer and J2 = 4t
2
b/Udimer are esti-
mated to be 197 and 133 K, where Udimer = 276 meV
was extracted from the optical conductivity measured
at room temperature [see Sec. III B]. Above 25 K, χ(T )
is well described by a 2D spin-1/2 Heisenberg antifer-
romagnetic model on an anisotropic square lattice with
J1 = 197 K and J2 = 133 K calculated by the QMC
method. The sharp drop at 25 K has been observed
also in χ(T ) for H ‖ a∗ (⊥ bc) and H ‖ c (neither of
which are is shown), showing the emergence of a non-
magnetic ground state below 25 K. Such a nonmagnetic
ground state can be attributed to the formation of spin
singlets between the two neighboring spins along the c
axis, indicative of the presence of a lattice instability in
the 1D system.
Figure 7(a) shows χ(T ) of δ
′
C-ICl2. The position of a
broad hump structure shifts to a lower-temperature re-
gion compared to that of δ
′
P -ICl2, suggesting that the
formation of CO in δ
′
C-ICl2 affects the magnetic interac-
tions of the system. Figure 7(b) represents the dominant
antiferromagnetic interactions in the CO state of δ
′
C-ICl2,
which form an anisotropic honeycomb lattice, as shown
in Fig. 7(c). Because J1 = 4t
2
4/U0 and J2 = 4t
2
5/U0 con-
sidering the second-order perturbation processes, J1 ≫
J2 holds in the case of δ
′
C -ICl2. We calculated the
temperature dependence of the magnetic susceptibility
expected in a 2D spin-1/2 Heisenberg model on the
anisotropic honeycomb lattice by the QMC method with
the ALPS/LOOPER code [43–47] at J1 = 150, 168, and
190 K, with J2/J1 = t
2
5/t
2
4 ∼ 0.1. We confirmed by
performing the calculations with lattice sizes up to 2048
spins that the finite-size effect does not remain. As shown
in Fig. 7(a), the calculations well reproduce the experi-
mental results. In an anisotropic honeycomb lattice, the
formation of spin singlets at the strong J1 bonds is ex-
pected at a low temperature. Therefore, a rapid drop of
χ(T ) in δ
′
C -ICl2 at about 20 K, which has been observed
also in χ(T ) for H ‖ a∗ and H ‖ c (neither of which
are is shown), can be attributed to the spin-singlet for-
mation between the two neighboring spins along the J1
direction, which is different from that of δ
′
P -ICl2.
IV. CONCLUSION
To summarize, we have performed electrical resistivity,
optical conductivity, and magnetic susceptibility mea-
surements as well as band-structure calculations for the
quasi-1D organic salts δ′P -ICl2 and δ
′
C -ICl2. Although
the band-structure calculations predict that both com-
FIG. 7. (Color online). (a) Temperature dependence of the
magnetic susceptibility of δ
′
C -ICl2 measured at magnetic fields
of 1 T (magenta circles) and 5 T (light blue circles) parallel
to the b axis. The open circles represent the experimental
data after subtracting the core diamagnetism. The dotted line
shows a Curie component due to a small amount of magnetic
impurities, ∼ 0.8 %. The solid circles are the data obtained by
subtracting the contribution of the magnetic impurities. The
solid curves show the results of the QMC calculations based
on a spin-1/2 Heisenberg model on an anisotropic honeycomb
lattice with J1 = 150, 168, 190 K and J2/J1 = 0.1. (b) Domi-
nant antiferromagnetic interactions J1 and J2 in the CO state
of δ
′
C -ICl2. (c) Illustration of the anisotropic honeycomb lat-
tice in δ
′
C-ICl2. The gray arrows indicate the localized spins
with S = 1/2.
pounds should be metallic, strongly correlated insulating
states are realized in both compounds owing to Coulomb
repulsions. We find that δ
′
P -ICl2 behaves as a dimer-
Mott insulator and exhibits a phase transition to a non-
magnetic state at 25 K, whereas δ
′
C -ICl2 shows a CO
transition at around room temperature and becomes non-
magnetic below 20 K. The optical spectra in the dimer-
Mott insulator δ
′
P -ICl2 are composed of two characteris-
tic bands due to intra- and interdimer charge transfers.
By contrast, in δ
′
C -ICl2, a single band characterizing CO
is observed. Upon lowering the temperature, its shape
becomes anisotropic and shifts to much lower frequen-
cies, suggesting the presence of domain-wall excitations
with fractional charges expected in a 1D CO chain. The
temperature dependence of the magnetic susceptibility
8of δ
′
P -ICl2 is well described by a 2D spin-1/2 Heisenberg
antiferromagnetic model on an anisotropic square lattice,
while in the δ′C -type salt, it can be explained by a 2D
spin-1/2 Heisenberg model on an anisotropic honeycomb
lattice. Even though the two materials have the same
chemical composition and stacking configuration of the
BPDT-TTF molecules, they possess completely different
ground states because of the difference of degree of dimer-
ization. The present system may serve as a model system
for studying 1D strongly correlated electron systems.
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